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Introduction
Ground-motion models (GMMs), providing frequency-dependent ground-motion predictions for defined distances from an earthquake of given magnitude, are a key element in any seismic hazard assessment. In seismically active regions such as California, a popular method for their generation is the regression of existing acceleration records. For most regions in Central Western Europe, including our own area of interest (southwestern Germany and adjacent regions in France and Switzerland), such an approach is prevented by the sparsity of existing strong-motion data sets. Therefore, alternative methods must be used. Very popular is the direct application of existing empirical ground-motion models from other regions.
However, this might easily result in inappropriate models, since there is only limited procedural guidance on how to judge the appropriateness of a particular ground-motion model for a particular target region (e.g. Scherbaum et al., 2004; Bommer et al, 2005; Cotton et al., 2006) .
Another method, the so-called stochastic method (Boore, 1983; Boore, 2003) , replaces lacking data by simulating response spectra using models for wave propagation and seismicsource characteristics in the target region. The approach is justified by the observations of Hanks and McGuire that the high-frequency part of seismic ground-motion spectra shows similar statistical characteristics to band-limited Gaussian white noise (Hanks, 1979; McGuire and Hanks, 1980; Hanks and McGuire, 1981) . Therefore, simplified but nonetheless physically constrained, mathematical descriptions of seismic energy release and wave propagation are applied to the spectrum of the white noise in order to simulate ground motion at a certain distance from an earthquake of given magnitude.
To overcome the lack of empirical information in the stochastic model, Campbell (2003) has proposed another approach, the hybrid empirical model. This method combines both approaches by adapting ground-motion models from seismically active regions to the target region using so-called adjustment factors (Campbell, 2003) . These are obtained as the ratio of stochastically modelled response spectra for the target region (numerator) and host region of the generating data set of the empirical attenuation relation used (denominator). If host and target region models capture the characteristics of their corresponding region well, the modified empirical ground motion models are expected to be better applicable to the target region than the original ones.
The selection of GMMs for seismic hazard assessment is a crucial process since often the largest uncertainties in seismic hazard estimations stem from uncertainties in GMMs (e.g. Stepp et al., 2001; Scherbaum et al., 2005) . It is, however, also a process which depends strongly on the subjective choices of the hazard analyst. The final selection of GMMs and associated weighting factors for logic tree branches are seldom reproducible and often totally opague. In addition, the judgement of the appropriateness of a specific GMM for a particular target region is another source of ambiguity. Recently, a group of authors have proposed guidelines to increase the reproducibility of GMM selection and ranking for seismic hazard assessment, based on the experience of the PEGASOS project (Abrahamson et al., 2002; Scherbaum et al., 2004; Bommer et al., 2005; Cotton et al., 2006 For the present study, we follow the approach of Scherbaum et al. (2004) to select and rank GMMs based on the statistical likelihood with which a particular (modified) GMM is able to model observed ground motion records. Since the publication of this study, several earthquakes with magnitudes up to M w = 5.1 have occurred in SW Germany and adjacent areas in France and Switzerland (see Table 1 ). One goal of the present study is therefore to test the stability of their selection procedure with the increased data set (from 12 records of one earthquake to 61 records of 5 earthquakes) and to update the set of compatible ground motion models for this region.
In addition, a prerequisite for the application of the hybrid empirical model to a particular target region is the existence of a complete parameter set for the corresponding stochastic model. Such a parameter set characterizes seismic energy release, wave propagation and station conditions for the areas of interest. Instead of collecting the necessary parameters purely from literature which carried the risk of parameter incomparability if these are selected from different sources, here, we present an intrinsically consistent stochasticmodel parameter set for SW Germany derived entirely from the records of the Waldkirch earthquake (Dec. 
Data set and processing
Acceleration records of five earthquakes with moment magnitudes between M w = 3.6
and 5.1 in the border region between Germany, France and Switzerland are selected as data set (see Table 1 and Figure 1 ). For compatibility with the study of Scherbaum et al. (2004) only "rock site" records were used. The data were made available from different agencies in Germany (LGRB Baden-Württemberg), France (LGIT Grenoble and IPG Strasbourg) and Switzerland (SED). In total, the final data set consists of 61 acceleration records providing a hypocentral-distance coverage up to 300 km (see Figure 2) . None of the records used in the present study is included in the generating data sets for the candidate GMMs to be tested for applicability to the study region (e.g. Ambraseys et al., 1996; Bay et al., 2003; Berge-Thierry et al., 2003) . Therefore, the independence of the data set is guaranteed. The same group of GMMs as used in Scherbaum et al. (2004) was selected as candidate models (see Table 2 ). For these mainly empiric GMMs, these authors provide modified models that take the geological differences between host and target region into account using the method of Campbell (2003) . Median response spectra given by these modified GMMs are simulated using hypocentral distance, moment magnitude M w (as provided by the SED) as well as the geometrical mean of both horizontal components as relevant input parameters.
Where possible, the site conditions are set to "rock" or at least to "stiff soil" and where necessary, metric conversions for distance and magnitude are applied, increasing the associated total aleatoric variability σ total (see Table 2 ). The same procedure as described in Scherbaum et al. (2004) is used to generate the ranking parameters shown in Table 3 (LHvalue, mean, median and standard deviation of the normalized residuals' distribution), and their associated standard deviations σ. The LH-value is a measurement for the likelihood with which the observed response spectra could be modelled by a specific modified GMM (Scherbaum et al., 2004) . The mathematical description of the LH-value is as followed:
where X are the normalized residuals. While the mean and/or the median value are describing only the central tendency of the residual distribution, the LH-value also includes information about the shape of the distribution (Scherbaum et al. 2004 ). Table 2 : GMMs selected for the ranking procedure. Modifications of the GMMs after Scherbaum et al. (2004) are used instead of the original ones. * The model of Ambraseys et al. (2005) is mentioned only for the sake of completeness, it is not considered in the further calculations. Region: dominant region in data set (W -western, E -eastern, C -central, NANorth America, CH -Switzerland); Mag.: used magnitude scale; Dist.: used distance metric; Comp.: inclusion of the horizontal components (geom.-geometrical mean of both comp., random -one comp. randomly selected, l-env -the larger absolute value for every frequency is chosen, rad/tr -differentiation of radial and transversal components, both -both comp. are considered, larger -the comp. with the larger PGA value is selected, n.sp. -selection is not specified); Site Cond.: specification of site conditions as used in this study here.
Study

Ranking Results
The results of the ranking procedure are presented in Table 3 . The selection criteria used are the following:
(i)For the acceptance of a GMM, a LH-value greater than 0.1 is required.
(ii)The absolute values of mean and median of the normalized residuals should be smaller than 1.0.
(iii)The standard deviation of the normalized residuals should not exceed the value of 2.4.
Based on these criteria, 8 out of the 12 candidate GMMs are accepted. The four rejected models fail not only in one, but at least in two criteria simultaneously. A good match of the observed data is obtained by the model of Berge-Thierry et al. (2003) . Since this study is based mainly on European data with similar geological settings to the reference data set, its high ranking might not be surprising. The only accepted GMM that shows almost no bias (absolute mean and median values < 0.06) is that of Ambraseys et al. (1996) . Table 3 : Ranking of candidate GMMs for the data set of 61 acceleration records of five earthquakes located in western central Europe. Modifications of the GMMs after Scherbaum et al. (2004) are used instead of the original ones. Ranking weights are: median LH-value (LH), and the median, mean, and standard deviation of the normalized residuals (Median, Mean, St.D.) and the associated jack-knifing standard deviation estimates (σ). For the model of Bay et al. (2003) , the stress drop is set to ∆σ = 9.0 MPa. The grey shaded GMMs are rejected for application in western wentral Europe.
The main reason for the rejection of the remaining four GMMs are low LH-values, but also the high deviations of mean and median values from zero and large scattering indicated by high standard deviations. Interestingly, all rejected GMMs overestimate the spectral values systematically (indicated by negative mean and median values of the residuals). The finding that all rejected GMMs overestimate the spectral values could be explained by the fact that the tested GMMs all were derived using mainly records from earthquakes with larger magnitudes than the earthquakes used in this study and ground motions from small earthquakes decay more rapidly than those from large earthquakes (e.g. Ambraseys et al., 2005; Bragato & Slejko, 2005; Pousse et al., 2006) . The ranking list presented by Scherbaum et al. (2004) shows a high degree of consistency with the results from the present study (see Table 3 ). The relatively larger standard deviations of the residual distribution and the smaller LH-values in our ranking list might be caused by the inclusion of frequencies which are close to the range for which the original GMMs are valid. Sabetta & Pugliese (1996) 0,008 0,0000 -2,43 0,0899 -2,00 0,0326 2,50 0,0427 25 Boore et al. (1997) 0,002 0,0016 -2,90 0,0801 -2,54 0,0873 2,41 0,0114 25 Table 4a : GMM ranking table for the Besançon subset containing records of the Besançon earthquake. Ranking weights are: median LH-values (LH), and the median, mean and standard deviation of the normalized residuals (median, mean, st.dev.) and the corresponding jack-knifing standard deviation estimates (σ). For the model after Bay et al. (2003) , the stress drop is set to ∆σ = 9.0 MPa. SEA 99 refers to the SEA working group (Spudich et al., 1999) . Modifications of the GMMs after Scherbaum et al. (2004) are used instead of the original ones. Exclusion criteria are grey-shaded. In order to check the robustness of the ranking, we performed the selection procedure on different record subsets (see Tables 4a-d) . Since the complete data set is composed of records from five different earthquakes, each subset contains records of one particular earthquake (22 for the Besançon, 14 for the Waldkirch, 12 for the Arlesheim, 11 for the Frick and 2 for the Bormio earthquake). The Bormio subset is not considered in the following, as its influence on the main GMM ranking list is negligible due to the small number of included acceleration records. The ranking lists for the subsets are referred to as event ranking-lists in contrast to the ranking list of the complete data set (called complete ranking-list).
In general, the different ranking lists show a high degree of consistency: The three top models from the ranking based on the complete data set ( GMMs presented by Sabetta & Pugliese (1996) and Boore et al. (1997) are rejected for all subsets.
The Besançon earthquake records tend to be better predicted by GMMs providing lower spectral-acceleration values (e.g. Somerville et al., 2001) , whereas the records from the other events are better matched by GMMs with higher ground-motion predictions. This underlines the fact that data-driven ranking of GMMs is a dynamic process which needs to be continuously updated as new data become available. Stability is only expected to be achieved if both intra-event and inter-event variability are sufficiently well captured by the available records. Another source of potentially poor fits of observed records, which are somewhat related to the stress-drop problem, is the magnitude determination of the corresponding earthquake.
We illustrate this effect based on the records of the St. Dié earthquake (Feb. 22nd, 2003) . Table 5 . Compared to the corresponding ranking factors published in Scherbaum et al. (2004, see also last column in Table 5 in this publication), only two models present slightly higher LH-values (Lussou et al., 2001; Somerville et al., 2001) . However, for the remaining GMMs, Table 5 ). This demonstrates that the magnitude determination plays a critical role within the whole process. Meaningful results can only be expected if the magnitude definition used for the observed records is consistent with (or can be converted into) the magnitude definition used in the GMM to be tested. 
Stochastic Ground Motion Model for SW-Germany
Another aspect of the increased record set is that it contains valuable information for stochastic modelling of ground motion. Such a model is prerequisite for the application of Campbell´s empirical hybrid model (Campbell, 2003) to the study region. In order to determine the necessary stochastic-model parameters set, we have inverted the records of the Waldkirch earthquake (M w = 4.9, 2004/12/05) using the approach of Scherbaum et al. (2006) .
It employs a genetic-algorithm search (GA, Goldberg, 1989 ) to determine optimum model parameters to match the observed response spectra. For the forward calculations, Boore´s SMSIM code (Boore, 2002 ) is used. The data set consists of 11 "hard rock" records covering a hypocentral distance range up to 100 km. For the GA search, the probabilities for crossover (i.e. combination rate) and mutation (i.e. variation rate) are set to 0.6 and 0.04, respectively.
The misfit which is attempted to be minimized is calculated as the L2-norm for the Although the overall fit could be judged as acceptable, the data set of the Waldkirch earthquake alone is not able to constrain all model parameters to values which seem physically reasonable. While the inverted average shallow shear wave velocity representing "rock site" conditions in SW Germany seems to be a very reasonable value in an absolute sense (v S30 = 900 m/s), the stress drop value has to be seen in conjunction with the attenuation model and the site model. The attenuation model given in Table 6 is characterised by strong damping for low frequencies and weak damping for the high frequency part. Similar Q values are provided for the Lower Rhine Embayment (Oncescu et al., 1994; Goutbeek et al., 2004) . The small number of data covering only a limited distance range also does not Since the stochastic model parameters are not very well resolved individually, we wanted to test whether the stochastic model as a whole is able to reproduce also ground motion observations from other earthquakes than the event it was derived from. For this purpose, we simulated response spectra for all available records and calculated the corresponding relative residuals (normalized to the model value). The distance-dependent distribution of all normalized residuals, categorised by the different events, is shown in Figure   6 . No significant difference between the residuals of the Waldkirch data set (black dots) and the records from the complete data set can be observed for hypocentral distances up to 100 km. For stations at greater distances, the residuals increase, so that the application of this stochastic model should be limited to hypocentral distances up to 100 km. Furthermore, it needs to be stressed again that the model parameters should not be interpreted individually, only as a whole set. Table 6 is used for the simulations. Residuals are normalized to the model value. Symbols stand for residuals at a specific frequency.
Conclusions
In this study, we use acceleration records from five recent earthquakes in the border region of Germany, France and Switzerland (see Table 1 The results of the present study are broadly consistent with those of Scherbaum et al. (2004) . Incorporating the more recent data does not significantly change the ranking.
However, the importance of including as many records as possible is visible for the case of the Besançon earthquake: GMMs ranked at the top for this subset are rejected for other subsets and even for the whole data set (see Tables 3 and 4 ). The reason seems to be the low stress drop value for the Besançon earthquake (see Figure 3) . The rest of the data set, however, seems to be better described by GMMs producing higher ground motion. Therefore, earthquakes with high stress drop values (such as the St. Dié earthquake) should not be considered exceptional. The absolute value of the resolved stress drop, however, should be interpreted with care. It depends on the attenuation model, the site model and also on the assigned magnitude value. Despite the consistency of the ranking results with the results of Scherbaum et al. (2004) , it should be stressed that data-driven GMM selection is a dynamic process which needs to be updated whenever new data become available. Only in retrospect will it be possible to detect if the results have become stable. With the still limited data set analysed here, we are capturing only the low magnitude part of the validity range of the ground motion models, and sometimes even slightly below. The degree to which ground motion records from small magnitude events can be used to predict ground motion to be expected from larger magnitude events is currently an unsolved issue and a matter of active research. Recent results obtained from the analysis of a large set of Japanese strong motion data indicate that it is also a matter of the functional form in which ground motion models are set up (Pousse et al, 2006) . A further analysis of this problem is, however, beyond the scope of the present paper.
The second aim of our study was to generate and test a stochastic However, taken as complete set it provides a reasonable prediction of the observed record spectra from the study region, e.g. for the purpose of hybrid empirical modelling.
